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ABSTRACT
This chapter builds new knowledge for design engineers adopting fused 
deposition modeling (FDM) technology as an end manufacturing process, 
rather than simply as a prototyping process. Based on research into 2.5D 
printing and its use in real-world additive manufacturing situations, a study 
featuring 111 test pieces across the range of 0.4-4.0mm in thickness were 
analyzed in increments of 0.1mm to understand how these attributes affect 
the quality and print time of the parts and isolate specific dimensions which 
are optimized for the FDM process. The results revealed optimized zones 
where the outer wall, inner wall/s, and/or infill are produced as continuous 
extrusions significantly faster to print than thicknesses falling outside of 
optimized zones. As a result, a quick reference graph and several equations are 
presented based on fundamental FDM principles, allowing design engineers 
to implement optimized wall dimensions in computer-aided design (CAD) 
rather than leaving print optimization to technicians and manufacturers in 
the final process parameters.
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INTRODUCTION
As a range of technologies, additive manufacturing (AM), also known as 3D 
printing, has been the subject of research for several decades. A considerable 
body of knowledge has been built on the topic across disciplines and there are 
many publications focusing on processes, materials and applications. Research-
based guidelines have been developed to provide designers and engineers 
with core principles to consider when adopting AM processes; for example 
Gibson, Rosen and Stucker’s (2015) ‘Additive Manufacturing Technologies’ 
textbook, as well as books by Lipson and Kurman (2013) and Redwood, 
Schöffer and Garret (2017). However, as AM shifts from a predominantly 
prototyping technology, known as rapid prototyping (RP), towards an end-
use manufacturing technology (Campbell, Bourell, & Gibson, 2012; Gibson 
et al., 2015), further guidance is needed for designers to understand how to 
design specifically for end-use production appropriate to the specific AM 
technology. Designers need to be aware of the constraints and opportunities 
of individual AM processes, just as they would when designing for traditional 
manufacturing technologies. For example, designing for injection molding 
requires a thorough understanding of draft angles, part-lines and appropriate 
wall thicknesses, which can vary between injection molding machines and 
individual molds. These constraints influence the design decisions made 
throughout product development, and ultimately impact the final form 
and function. Likewise, there are constraints when designing for additive 
manufacturing.
Design for additive manufacturing (DfAM) is emerging as an 
interdisciplinary field of research to address these constraints, helping design 
engineers effectively adopt AM through the development of more specific 
methodologies and discourse. This chapter builds on recent DfAM guidelines 
(Kumke, Watschke, & Vietor, 2016; Pradel, Zhu, Bibb, & Moultrie, 2018; 
Thompson et al., 2016), focusing specifically on research into the relationship 
between computer-aided design (CAD) geometry and stereolithography (STL, 
also known as Standard Triangulation Language) files for part thicknesses in 
the range of 0.4-4.0mm. Furthermore, it identifies the relationship between 
such thin geometry and the quality and speed of 3D printing, providing design 
engineers with specific settings to optimize a design for fused deposition 
modeling (FDM) as the end manufacturing process. Thin test pieces in 0.1mm 
increments are analyzed using Cura software from Ultimaker, alongside three 
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printed wall thicknesses (also called the shell) related to nozzle diameter, 
and graphed alongside three STL export settings (fine, medium and coarse). 
The vast data set is presented in a visual quick-reference graph with optimal 
dimensions for FDM printing with the most common Ø0.4mm nozzle 
highlighted, allowing design engineers to implement settings for maximum 
printing speed and accuracy, or calculate them using the provided equations 
for other nozzle diameters. This is particularly important when part designs 
may only consist of a small number of layers, often described as a 2.5D print 
(Galbally & Satta, 2016; Zhu, Dancu, & Zhao, 2016), with an increasing 
range of projects being manufactured using 2.5D printing. The value of this 
research and experimental study is that it allows designers to significantly 
improve the final manufacturability of a thin part design, prior to a technician 
or manufacturer modifying process parameters which are often outside the 
control of the designer.
BACKGROUND
Fused deposition modeling (FDM) technology, also known as fused filament 
fabrication (FFF), is part of the “material extrusion” category of technologies 
defined within the ISO/ASTM 52900 standards for additive manufacturing 
((ISO), 2015). Polymer filament is directed through a heated print head where 
it reaches a semi-viscous state, and through an electro-mechanically applied 
force extruded from a nozzle. The molten polymer is selectively dispensed 
to form a horizontal cross-section of the part being printed, before the next 
layer is printed on top in a repeating layer-by-layer process until the final 
object is formed. The FDM method of 3D printing has become the most 
mainstream 3D printing technology after expiry of key patents several years 
ago, and a rapid decline in hardware costs (Gibson et al., 2015; Quinlan, 
Hasan, Jaddou, & Hart, 2017). Despite proliferation of these 3D printers, 
designing specifically for FDM additive manufacturing remains challenging 
(Seepersad, 2014), requiring designers to learn a new set of rules which 
may change as hardware and software rapidly improve, with the industry 
experiencing exponential growth and improvement likened to Moore’s Law 
(Benson, Triulzi, & Magee, 2018; Greenfield, 2017; B. Krassenstein, 2014).
Recent research has begun to define the specific details of FDM technology 
that will affect the final outcome; for example Vasilescu and Groza (2017) 
measured the roughness of flat FDM parts after varying settings such as infill 
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density, print temperature and layer height, presenting a range of settings that 
improves surface finish, a quality which is particularly useful when FDM is 
used for end-use parts. Similarly, Huang and Singamneni (2015) assessed the 
stair-stepped layer effect of FDM for curved surfaces, proposing a new “Curved 
Layer Adaptive Slicing (CLAS)” process to improve the surface finish and 
print speed by varying layer height throughout the printing process. Such an 
adaptive layer process of printing has recently been integrated into mainstream 
slicing software Cura (Ultimaker, The Netherlands), with a recent case study 
showing the 3D printing of a bottle could be achieved 10% faster using the 
new setting (Jani, 2018). Materials research by Coogan and Kazmer (2017) 
analyzed the tensile properties of Acrylonitrile Butadiene Styrene (ABS) 
plastic after being printed with FDM in different conditions, recommending 
that higher nozzle temperatures than those used in traditional extrusion and 
injection molding be used in order to improve layer adhesion, amongst a variety 
of other optimal settings. However, these studies, and many like them, are 
related to process parameters modified after a design is complete and ready 
for production or prototyping, and do not provide designers with knowledge 
to help optimize a products functional characteristics or manufacturability 
early in the design process.
Specific guidelines to design for FDM are more elusive and often combined 
within generic DfAM guidelines such as consolidating parts, increasing 
complexity or customizing parts for different needs or user-fit requirements 
(Gibson et al., 2015; Lipson & Kurman, 2013; Petrick & Simpson, 2013). 
More tangible guidelines have been collated by Adam and Zimmer (2014) 
who compared laser sintering, laser melting and FDM across a variety of 
geometries and tolerances, resulting in a visual design rule catalog which 
includes specific design requirements for FDM such as an unsupported 
overhang length ≤1.8mm or a gap between parts ≥0.4mm. However, these 
tests were performed on a Fortus 400mc (Stratasys, United States of America) 
using Ultem material, which is a commercial quality FDM printer, and may 
not translate well to more ubiquitous desktop and open source 3D printers. 
Similarly, online 3D printing bureaus like i.Materialise and Shapeways 
provide designers with technical guidelines for FDM printing, for example 
i.Materialise (2018) recommends a minimum wall thickness of 1.0mm for 
FDM using ABS material, or 1.2mm for larger parts, while Shapeways (2018) 
recommends 1.0mm as a minimum for its FDM process with Polylactic 
Acid (PLA) material. However, these recommendations are framed within a 
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commercial context where failed 3D prints cost time and money to the bureau, 
and do not provide designers with true minimum values possible with FDM, 
or an understanding of how wall thickness is calculated and how it might be 
adjusted depending on the particular printer being used. Additionally, these 
bureaus use commercial quality 3D printers and slicing software, which 
may transfer to some manufacturing situations where similar machines are 
being utilized, but is less likely to be applicable in lower volume production 
facilities and small entrepreneurial centers using lower-end machines and 
open source software.
A particular assumption within guidelines and broader AM discourse 
is that parts being printed are three-dimensional, often featuring complex 
geometries with well-known examples including topology optimized aerospace 
parts (Fendrick, 2016), a customized lattice bicycle frame (Novak, 2015) and 
titanium hip implants featuring bone-like textured surfaces (Wyatt, 2015). 
Given the increasing distribution of 3D printing technology, designers, 
engineers, makers, hobbyists and educators are applying FDM printing to a 
vast range of problems, some of which require relatively simple geometries 
that can be designed with rudimentary CAD modeling skills. A single extrude, 
or collection of extrudes that are combined together, may be all that’s required 
of a particular geometry for 3D printing; this is often described as a 2.5D 
print since the geometry can be defined using a single 2D sketch with height 
perpendicular to the sketch axis. Designers may choose to use 3D printing 
in this way to take advantage of novel materials, minimize material waste 
(compared with laser cutting for example), or because of access to affordable 
3D printers over other technologies.
Performing an extrude operation in CAD is typically the first tool taught 
during 3D modeling workshops and education (Novak, 2018), whether this is 
in free entry-level software like Tinkercad (Autodesk, San Rafael, USA), or 
high-end commercial software like Solidworks (Dassault Systèmes, Vélizy-
Villacoublay, France). Designers create a two-dimensional sketch made up of 
line-work, such as a square, and then extrude this geometry to form a three-
dimensional shape, such as a cube. This produces the first piece of digital 
“material” which can be further manipulated into a product for 3D printing 
through numerous cutting, extruding, patterning and assembly operations. 
Alternatively, a 2.5D object such as a name tag or keyring (common products 
designed and printed during introductory 3D printing workshops (Novak, 
2018)), or more complex repeating patterns, may be built from one or several 
2D sketches, some examples of which are shown in Figure 1.
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Recent research has begun to examine 2.5D printing opportunities and 
properties. For example, a study quantifying the effects of varied geometry 
on print time and material use found that “an ‘optimal’, ‘basic’ or ‘simple’ 
geometry for FDM exists; and that shape may be different from a shape 
considered ‘optimal’ for conventional manufacturing technologies” (Pradel, 
Zhu, Bibb, & Moultrie, 2017). Through application of such research, designers 
may directly shorten manufacturing times and material use as they would 
during design of components for traditional manufacture. More recently, 
research has optimized 2.5D geometry for strength properties using topology 
optimization methods (Kandemir, Dogan, & Yaman, 2018), resulting in a 
variety of structures that are easily 3D printed on FDM machines without the 
need for support material. Studies such as these are improving knowledge 
of 2.5D structures; however, there is a notable lack of discourse on the topic 
with most research focused on more 3D structures and geometries.
Whilst the academic discourse on this topic is still under development, 
designers are exploiting 2.5D printing in industry. For example, Danit Peleg 
is a fashion designer who made headlines in 2015 for 3D printing an entire 
fashion collection on desktop FDM 3D printers (Boruslawski, 2015). Peleg’s 
pieces are made in smaller panels and assembled together, with most of 
her original collection consisting of 2.5D patterns that form a textile-like 
structure suitable for creating full-size wearable garments. Peleg now offers 
an online customization platform on her website for people to create their 
own jacket which utilizes 2.5D patterns similar to those shown in the second 
example in Figure 1. The letterpress industry has also experimented with 
2.5D printing to create custom fonts which are functional within a letterpress 
machine, where more complex 3D forms are unnecessary. For example, a 
studio called A2-Type produced a font named A23D for London’s New North 
Press studio (Steven, 2014), updating the centuries old technology into the 
twenty-first century. 2.5D prints are also common for gears, brackets, logos 
and lithophanes (etched photograph which can be clearly seen when held 
up to a light). These examples require different knowledge to design and 
Figure 1. Examples of 2.5D prints produced with FDM 3D printers
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manufacture using FDM compared with more complex 3D forms typically 
discussed within AM discourse, especially since they may have minimal height, 
require no support material, or be very thin in the case of Peleg’s fashion to 
allow flexibility. These examples show how designers are engaged in their 
own experimentation and development of 2.5D knowledge, signaling a need 
for new guidelines and critical research to support ongoing development of 
the field.
EXPERIMENTAL STUDY OF THIN PART PRINTING
In order to better quantify and understand FDM printing of thin 2.5D geometry, 
a study was conducted to find optimized settings for designers to implement 
in their practice, and develop new knowledge about the relationship STL 
export settings and wall thickness settings play on the final printed part. 
The goal was to provide a holistic understanding of the factors affecting thin 
part printing based on fundamental FDM principles, rather than producing 
guidelines specific to a single machine or piece of CAD software. The study 
consisted of four phases which will be discussed separately:
1.  Parametric Design: Creation of a 3D CAD part which could be varied 
in thickness and test both straight wall and curved wall features.
2.  STL Export: Conversion of each CAD file to a STL file using three 
different resolution settings to understand whether triangulation will 
affect the quality of thin geometry.
3.  3D Printing Simulation: Use of Cura to collect data about each file, 
followed by analysis of results.
4.  Case Study: Based on more complex geometry similar to Peleg’s jacket 
design, data was collected to quantify how settings affect print results 
and print times in a real-world manufacturing scenario.
Parametric Design
The part used for testing in this study was designed in Solidworks using the 
straight slot geometry (also known as a stadium), with external dimensions 
shown in Figure 2. Solidworks is a parametric CAD tool, meaning the 
geometry is linked by relationships within the 2D and 3D elements of the 
part, providing high accuracy and the ability to rapidly modify the design 
history of the part to create new variations. Unlike a mesh modeling CAD 
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program, the geometry in Solidworks is dimensionally exact, much like 
vector-based 2D graphics software. The external dimensions and extrusion 
distance of 1mm shown in Figure 2 remained constant for all test pieces, with 
the thickness of the geometry varied towards the inside of the part, starting 
at 0.4mm (to match the most common diameter of the extrusion nozzle of 
desktop FDM printers) up to 4.0mm in 0.1mm increments. The design of 
the part provided both straight sections and curves to assess the impact of 
STL conversion and printing.
STL Export
Despite the recent introduction of the more accurate Additive Manufacturing 
File (AMF) format ((ISO), 2016), current 3D printers predominantly rely 
on the STL file format, which turns a dimensionally accurate CAD model 
into an approximated mesh constructed of triangular planar surfaces. This 
can result in geometric tolerance errors (Gibson et al., 2015; Zha & Anand, 
2015), with numerous studies exploring novel methods of improving STL 
quality (Wu & Cheung, 2006; Zha & Anand, 2015). In order to build new 
knowledge about the affect of STL settings on thin parts, each of the 37 CAD 
files resulting from Figure 2 were exported to a STL file using three different 
settings chosen to represent fine, medium and coarse resolution, defined in 
Table 1. The deviation setting relates to the whole-part tessellation of the 
mesh, with lower numbers resulting in a higher number of mesh triangles 
and greater resolution, which is particularly important for curved geometry. 
Figure 2. Dimensions of test piece in millimeters
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The angle relates to smaller detail tessellation, and similarly increases quality 
with smaller angles. As quality increases across both measures, the number 
of mesh triangles, and correspondingly the file size, also increases. However, 
for this simple test piece file size was not an important factor with all files in 
the range of 12-48KB. The total result was 111 STL files for testing, made 
up of three varied STL resolutions for each of the 37 different thicknesses 
in the range of 0.4-4.0mm.
3D Print Settings
3D printers typically require a separate piece of software to control the slicing 
of the STL file external to the original CAD program. Slicing takes the 3D 
geometry of the STL file and slices it into discrete layers suitable to print one 
layer at a time, normally in the range of 0.1-0.5mm thick for desktop FDM 
printers. This is then output as G-code, the machine language used by many 
3D printers and other computer-numerically controlled (CNC) processes. 
Numerous slicing programs exist from free to paid, with some being proprietary 
and tied to a particular brand or printer, while others are more universal and 
allow for files to be sliced for a range of different 3D printers. For this study 
a freely available universal program called Cura (version 3.1.0) from 3D 
printer manufacturer Ultimaker was selected for a number of reasons:
1.  Being freely available, it is widely used by designers, engineers and 
hobbyists for FDM printing. Therefore the results of this research will 
be readily replicable, and applicable to a broad range of designers.
2.  Cura features a view mode called Layer View to visualize and simulate 
the 3D print process, providing data relevant for this study without the 
need to observe each of the 111 files print and record information about 
how the printer produced the parts. Simulation is a common practice 
in AM research, allowing consistent data to be collected without the 
unpredictable influence of hardware, and without the time delays required 
Table 1. STL export settings from Solidworks
    Resolution     Deviation (mm)     Angle (degrees)     Mesh Triangles
    Fine     0.01     3     976
    Medium     0.02     10     376-416
    Coarse     0.06     30     224-256
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to physically produce a broad range of test pieces (Kim, Zhao, & Zhao, 
2016; Pradel et al., 2017). Different colors are used to separate the outer 
wall (red), inner wall (green) and infill (yellow) portions of printing for 
each layer, as clarified in Figure 3.
Within Cura hundreds of settings can be modified to accommodate different 
materials and print outcomes, however, for this testing the default fine settings 
for ABS were chosen, with the primary settings summarized in Table 2. These 
settings were identical for all simulations, with the only setting changed for 
testing being the wall thickness in order to understand the effect of increasing 
the number of perimeter walls for thin parts. The wall thickness is a dimension 
relative to the diameter of the print nozzle, with 0.4mm representing a single 
wall thickness of a common 0.4mm nozzle, and any remaining part thickness 
filled with infill. A 0.8mm wall thickness represents two walls (outer wall + 
inner wall), and 1.2mm represents three walls (outer wall + 2 inner walls). 
This is visually explained in Figure 3. The hypothesis of this study was that 
certain dimensions would make optimum use of wall thickness to produce 
a part without any infill, whereas other dimensions would take longer to 
produce as they require zigzagging infill structures.
Images of each simulation were captured and data recorded in a spreadsheet 
regarding the quality of the outer wall, inner wall, and the infill. Each of these 
elements was recorded separately in one of four states:
1.  Missing: No material is extruded.
2.  Failure: When sections of the wall or infill are disjointed and not solid/
continuous.
Figure 3. 0.8mm wall thickness example = 0.4mm outer wall (red) + 0.4mm inner 
wall (green) with remaining volume filled with infill (yellow)
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3.  Messy: When the sections of the wall or infill appear joined, but may 
be printed in a haphazard (not continuous) fashion or made up of both 
infill and wall components.
4.  Solid: The wall or infill structure is continuous and solid.
These states do not necessarily coincide with whether the physical print 
would fail, for example Figure 4 shows a solid outer wall but failed infill, 
which would most likely result in a successful 3D print, although the part 
would be structurally weaker than a solid infill. Furthermore, each of the 111 
STL files was assessed at three orientations on the simulated print plate: 0°, 
45° and 90° as shown in Figure 5. This was to identify the effect of print 
orientation on results, which has been shown to significantly affect part 
strength in mechanical testing (Zelený, Safka, & Elkina, 2014), and play a 
role in the roughness of the visible surfaces (Delfs, T̈ows, & Schmid, 2016).
Results and Discussion
Across the 3 print orientations in Figure 5, all results were identical for the 
111 STL files except for one occurrence at 1.2 mm thick, using the 0.8mm 
wall thickness setting and fine STL resolution. With these settings, the 0° 
Table 2. Primary settings used for testing based on the default “fine” setting within 
Cura
    Consistent Settings
    Layer Height     0.1mm
    Nozzle Diameter     0.4mm
    Line Width     0.4mm
    Infill Density     100%
    Infill Pattern     Lines
    Printing Temperature     230°C
    Bed Temperature     80°C
    Filament Diameter     1.75mm
    Flow     100%
    Print Speed     60mm/s
    Build Plate Adhesion Type     None
    Variable Settings
    Wall Thickness     0.4mm, 0.8mm, 1.2mm
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and 90° orientations presented a single outer wall and messy infill pattern, 
while for the 45° orientation a mix of an inner wall structure and messy infill 
pattern was observed within the outer wall boundary. This is shown in Figure 
6. This would be unlikely to affect the ability to 3D print this part, with the 
overall part at the 45° orientation appearing 100% filled just like the 0° and 
90° orientations. However, the 45° orientation may have an increased chance 
of being dislodged from the build plate as the extruder maneuvers between 
inner wall and infill sections during printing, which may reduce the visual 
quality and mechanical strength of the printed result. With all other test parts 
exhibiting identical wall and infill characteristics at their three orientations, 
Figure 4. 0.9mm thick test piece simulated with 0.4mm wall thickness showing a 
solid outer wall and failed infill
Figure 5. Test pieces oriented at 0° (left), 45° (centre) and 90° (right)
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the overall results of this study presented in Figure 7 are simplified to the 
0° orientation.
As shown in the overall results of Figure 7, the outer wall failed with a 
test piece thickness of 0.4mm across all STL resolutions and print settings, 
meaning that despite the matching 0.4mm extruder nozzle diameter, designing 
to this minimum thickness in CAD will not succeed in producing a printed 
object even with a fine STL export setting. The minimum part thickness to 
successfully produce a result was found to be 0.5mm at any STL resolution. 
The simulated results of printing at 0.4mm and 0.5mm can be seen in Figure 
8, which shows all transitional characteristics of the test pieces using a 
0.4mm wall thickness and fine STL resolution. Through these transitions 
it is possible to see what is deemed a failed infill (1.0mm) with gaps in 
the structure, compared to a messy infill (1.1mm) which is complete but 
somewhat haphazard, or a solid infill (1.2mm and beyond). Additionally, the 
dashed boxes in Figure 7 identify what are termed optimized wall zones, an 
example of which can be seen in the 0.5mm setting in Figure 8. These zones 
correspond with continuous concentric lines as a perimeter, without the need 
for any infill. A similar structure occurs once the wall thickness set in Cura 
is achieved and infill is produced as a continuous perimeter matching the 
Figure 6. Results of 1.2mm thick test piece with 0.8mm wall thickness setting in 
Cura at 90° and 45° orientations
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Figure 7. Overall results of testing at 0° print orientation
Figure 8. Key characteristics of test pieces using a 0.4mm wall thickness and fine 
STL resolution (yellow = infill, red = outer wall)
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outer wall, an example of which can be seen in the 1.2mm setting in Figure 
8. This is called an optimized fill zone, and occurs for several fractions of 
a millimeter prior to the more common zigzag structure emerging as part 
geometry becomes thicker.
From the regularly repeating occurrence of optimized wall and fill zones 
shown in Figure 7 for the fine and medium STL resolutions (which would be 
the most common STL settings to maintain tolerances to the original CAD 
part), the narrowest optimized wall zone (OWZmin), which corresponds to the 
minimum printable part thickness, can be calculated using a simple equation 
based on the 3D printer nozzle diameter (ØN). This is labeled Equation 1:
OWZmin = ∅ +N 0 1.  
The maximum value of this initial optimized wall zone (OWZmax) can be 
calculated with Equation 2:
OWZmax = 2∅N  
Similarly, the optimized fill zone (OFZ) can be calculated using the 3D 
printer nozzle diameter (ØN) and the intended wall thickness for printing 
(W). The equation (Equation 3) from this study to calculate minimum part 
thickness fitting this optimized fill zone (OFZmin) can be summarized as:
OFZmin = ∅ ∅



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
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+
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1  
The equation (Equation 4) to calculate the maximum part thickness fitting 
this optimized fill zone (OFZmax) can be summarized as:
OFZmax = ∅ ∅





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1  
When designing in CAD to fit within the range of OWZmin to OWZmax, or 
OFZmin to OFZmax, these equations allow designers to create parts that will 
be solid and printed with maximum speed. For example, Table 3 compares 
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the printing of 20 test pieces designed at 1.5mm thick (within the OFZ) and 
1.6mm thick (solid fill but outside the OFZ) using a 0.4mm wall thickness. 
The total print time is 13 minutes quicker for the 1.5mm thick part, which 
works out to be 39 seconds quicker per individual part. This is a time saving 
of 19% despite only being 0.1mm different in size. If this were a larger piece, 
or being printed in significant quantities, designing a part to be 1.5mm thick 
would significantly improve the speed to produce the parts, reducing costs 
over the long term and allowing higher throughput of the machine. In some 
circumstances, predominantly for rapid prototyping applications, reducing 
a wall thickness by 0.1mm may simply be impossible due to tolerances or 
interfacing with other parts of an assembly; however, as a DfAM consideration, 
it is most efficient to design within this optimized fill zone. Table 4 and Table 
5 show similar differences at the 0.8mm and 1.2mm wall thickness settings, 
with time savings of 14% and 13% respectively.
Table 3. Cura simulation of 1.5mm versus 1.6mm fine resolution parts using 0.4mm 
wall thickness
    Test piece thickness     Quantity     Print Time     Time per part
    1.5mm     20     56 mins     168 seconds
    1.6mm     20     69 mins     207 seconds
    Total difference     13 mins     39 seconds
Table 4. Cura simulation of 2.3mm versus 2.4mm fine resolution parts using 0.8mm 
wall thickness
    Test piece thickness     Quantity     Print Time     Time per part
    2.3mm     20     75 mins     225 seconds
    2.4mm     20     87 mins     261 seconds
    Total difference     12 mins     36 seconds
Table 5. Cura simulation of 3.1mm versus 3.2mm fine resolution parts using 1.2mm 
wall thickness
    Test piece thickness     Quantity     Print Time     Time per part
    3.1mm     20     88 mins     264 seconds
    3.2mm     20     101 mins     303 seconds
    Total difference     13 mins     39 seconds
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From the results in Figure 7 another pattern that emerges as wall thickness 
increases to 0.8mm (2 shells) and 1.2mm (3 shells) is the appearance of 
infill structures prior to an inner wall structure being used. Across all fine 
and medium resolution tests, infill structure begins at 0.9mm part thickness, 
while for coarse resolution it begins earlier at 0.8mm part thickness. As infill 
emerges it improves in quality from a fail structure to a messy structure, 
before becoming a solid structure either directly, or in the form of becoming 
a new inner wall. This will repeat with regularity until the maximum wall 
thickness is reached, in which case the infill structure has a 0.4mm range where 
it transitions from a fail to a solid structure for fine and medium resolution 
STL files, or 0.6mm in the case of a coarse resolution STL file. Following on 
from Figure 8, Figure 9 shows all the transitional characteristics of the test 
pieces after 1.2mm using a 0.8mm wall thickness and fine STL resolution 
as inner wall structures becoming evident. The 1.6mm value in Figure 9 
also exemplifies a print within the optimized wall zone, which occurs as the 
inner wall structure integrates into the printed part and forms a continuous 
perimeter before the part thickens and requires infill alongside the inner wall. 
Optimized wall zones and optimized fill zones are identical in their ability 
to reduce print time. This means that when printing using a 1.2mm wall 
thickness setting, there are four optimized zones which occur between 0.5-
0.8mm (initial optimized wall zone which can be calculated using Equation 
1-2), 1.3-1.6mm (optimized wall zone), 2.1-2.4mm (optimized wall zone) 
and 2.8-3.1mm (optimized fill zone which can be calculated with Equation 
3-4) as shown in Figure 7.
Figure 9. Key characteristics of test pieces using a 0.8mm wall thickness and fine 
STL resolution (yellow = infill, green = inner wall, red = outer wall)
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Fine and medium resolution STL results are identical for all tests in Figure 
7; however, the results are slightly different for the coarse STL setting, with 
the tolerances of the STL being more relaxed from the original CAD file 
and creating areas where the printer must add extra material, particularly as 
curved surfaces become more faceted. These STL settings are extreme and 
it is unlikely designers would use such low quality files; however, the results 
show how optimized fill zones become smaller with low resolution STL files, 
and there is an increased likelihood of failed or messy infill structures with 
these zones occurring across broader part thicknesses.
Designing at the extreme range of thin wall sections <1mm, below the 
recommendations from commercial 3D printing bureaus, test pieces are made 
entirely from outer wall structure with two passes of the nozzle. The settings 
used for this study did not allow the nozzle to create a wall thickness larger 
than its diameter, and as a result, 0.5mm requires the nozzle to make two 
passes to build up material, just as it does for 0.8mm (although this can be 
difficult to see in the images). The simulations within Cura from 0.5-1.0mm 
would result in successful prints, however, within the scope of this study 
physical prints have not been produced to determine how reliably they can 
be printed at this fine scale. This is an area for future research and would 
vary based on the specific hardware of each FDM printer and the rheology 
of the filament (Cicala et al., 2018).
Case Study: Mesostructure
To validate the results of this study a more complex test piece based on a 
mesostructure was created as shown in Figure 10. Designers such as Peleg 
(Boruslawski, 2015), Bastian (E. Krassenstein, 2014) and Novak (2016), 
as well as researchers such as Li, Chen, Hoe and Yin (2016) have explored 
mesostructure geometry using desktop FDM technology for its flexibility 
and complex aesthetic. The geometry also features a selection of straight and 
curved sections like the original straight slot test piece, providing a range 
of challenges within a single part. A number of variations in thickness were 
created and exported as STL files like the original test piece, although only 
fine resolution settings were used (see Table 1) and a 0.8mm wall thickness. 
The resultant print times estimated in Cura can be seen in Figure 11.
What is clear from these test results is that the mesostructure is fastest to 
print within the range of a 1.3-1.6mm part thickness, aligning with the data 
captured in Figure 7. Despite 1.1mm and 1.2mm thick parts requiring less 
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Figure 10. Dimensions of mesostructure in millimeters
Figure 11. Cura simulated print times for Mesostructure using 0.8mm wall thickness 
setting
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material, it is considerably faster to print parts in the optimized zone, with 
1.3mm being 57% faster to 3D print than 1.1mm, and 38% faster than 1.2mm. 
These significant time variations of several hours for a single part are purely 
related to fractional variations in design geometry, with no modification 
to process parameters. Multiplied over the number of components in the 
fashion of Peleg or another similar product, this may result in days worth of 
time saved by understanding how to design specifically for the FDM process 
using optimized thin-wall features. Figure 12 compares a detailed section 
of the mesostructure at 1.2mm and 1.3mm, with 1.2mm exhibiting a messy 
combination of both inner wall and infill structures which takes time for 
the extruder to move between, while 1.3mm features three concentric wall 
structures which are most efficient to 3D print due to their continuity.
It is unclear whether designers such as Peleg 3D model parts with 
an understanding of these optimized zones; according to a recent article 
(Krassenstein, 2015), each A4 sized section of a Peleg dress takes twenty hours 
to print, with each complete dress taking approximately four hundred hours. 
If the pieces of each dress have not been designed with an understanding of 
these optimized zones, there may be an opportunity to significantly reduce the 
time required to produce each dress, saving days of time without any change 
to the 3D printer hardware or software. If time is factored into retail cost 
Figure 12. Detail of mesostructure at 1.2mm thickness (left) compared with 1.3mm 
(right)
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equations, this may also result in a significant reduction in cost for customers. 
These considerations align with the research of Pradel et al. (2017), and are 
important aspects to the DfAM approach.
LESSONS AND FUTURE RESEARCH DIRECTIONS
While 3D printing thin wall sections presents numerous challenges, and 
the results from simulations are not always linked to whether a part will 
successfully 3D print, the data from this study suggests there are specific 
ranges of dimensions, described as optimized wall zones and optimized fill 
zones, which result in thin yet solid parts, printed with maximum machine 
efficiency. For designers and engineers, these dimensions can be used to 
specifically design for the FDM print process, optimizing the design before 
any process parameters are modified at the final stage of production. What is 
significant about Equations 1-4 is that they can be used to calculate the initial 
optimized wall zones and optimized fill zones for any FDM 3D printer, since 
the wall thickness setting in slicing software directly corresponds to nozzle 
diameter, and the equations are based on this fundamental data. However, 
future testing is needed to confirm this hypothesis, and to more broadly 
understand how more commercial varieties of FDM technology, such as 
Fortus machines from Stratasys, relate to these optimized zones given they 
work with their own proprietary software.
Future research will also assess the magnitude of these factors across 
different nozzles diameters, particularly as large area FDM machines with 
build volumes measuring in meters emerge. Examples include the ‘BigRep 
ONE’ (BigRep, Berlin, Germany) with a print volume of 1.005 × 1.005 × 
1.005m (Cartesian style printer), the ‘Delta WASP 3MT’ (Wasp, Massa 
Lombarda, Italy) with a print volume of Ø1 × 1.2m (delta style printer), and 
the ‘Tractus3D T3500’ (Tractus3D, Ammerzoden, The Netherlands) with a 
print volume of Ø1 × 2m (delta style printer). Such printers feature nozzle 
diameters larger than 1mm, meaning a significant amount of material is being 
continuously extruded, and potential time savings for large object prints may be 
measured in days rather than hours. Optimization in these situations becomes 
critical to productivity. Preliminary experiments on a BigRep ONE using a 
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0.6mm diameter nozzle have proven successful, as shown in Figure 13, with 
a part thickness of 0.8mm fitting within the calculated initial optimized wall 
zone of 0.7-1.2mm (Equation 1-2), requiring no infill or inner wall structures. 
This will form part of a follow up study with a range of nozzle diameters 
available including 1mm and 2mm on this printer.
While 3D printing bureaus like i.Materialise (2018) and Shapeways (2018) 
recommend a minimum wall thickness of 1.0mm, the data from this study 
suggests 1.0mm is not an efficient thickness in terms of printing speed on 
a FDM printer with 0.4mm nozzle diameter. While these bureaus use more 
sophisticated slicing software than Cura, they may also use a smaller nozzle 
diameter which shifts the optimized zones in favor of 1.0mm, driven by the 
need for fast and accurate prints within a commercial context. However, this 
is speculative. For design engineers, this study highlights why it is necessary 
to understand the end FDM production technology during design, and use this 
knowledge to design specifically to produce the desired outcome, particularly 
for thin parts where there is minimal room for error. An advantage of programs 
like Cura is the ability to visualize print paths prior to printing, and iteratively 
develop a design to make it more efficient for additive manufacture. While 
Cura provides useful visualization tools and time estimates, not all software 
provides such a print preview, with “plug-n-play” programs like UPStudio 
Figure 13. Preliminary experiment 3D printing 0.8mm thick geometry on a BigRep 
ONE with a 0.6mm nozzle
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(Tiertime, Beijing, China) for popular 3D printers such as the UP Plus 2 and 
UP Box providing limited settings and visualizations to inform a designer; 
therefore the data in this study is a valuable resource, with Figure 7 a quick 
reference guide for any FDM 3D printer with a 0.4mm diameter nozzle. 
Furthermore, Equations 1-4 offer a quick method to calculate optimal part 
thicknesses for 3D printers with a different nozzle diameter.
This study utilized simulations to reveal patterns in FDM settings, 
however, as mentioned throughout the discussion, the appearance of messy 
and even failing infill or inner wall structures does not necessarily mean the 
corresponding physical print will fail. Gaps in extrusion may reduce functional 
strength properties, yet parts will most likely be successfully printed as long 
as the outer wall is consistent, particularly in 2.5D parts which have minimal 
geometric complexity requiring consistent layer infill in order to support 
layers on top. Future research should consider the relationship between the 
simulations from this study and the actual 3D printed outcomes, particularly 
those less than 1mm thick which are most vulnerable to being dislodged 
from the print plate during haphazard extruder movements or gaps in infill.
CONCLUSION
Using common fused deposition modeling printer settings, this study has 
revealed important relationships between CAD geometry, STL resolution 
and print settings that are critical when 3D printing thin geometries. New 
data was collected from a study examining 111 STL files in the range of 0.4-
4.0mm in part thickness. The results reveal that specific ranges of dimensions, 
described as optimized fill zones and optimized wall zones, result in thin 
yet solid parts, printed with maximum machine efficiency, most notably a 
faster print time compared to parts falling outside of these optimized zones 
by only a fraction of a millimeter. The appearance of these zones follows a 
regular repeating pattern as wall thickness settings increase, with the initial 
optimized wall zone able to be calculated using Equation 1 (minimum) and 
Equation 2 (maximum) using only the machine nozzle diameter as the input 
data. A second optimized zone, called the optimized fill zone, can be further 
calculated using Equation 3 and Equation 4 by inputting the intended nozzle 
diameter and wall thickness setting of a FDM machine.
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The principal recommendation for design engineers from this study is to 
apply these optimized dimensions early in the design process when FDM is 
used as the final manufacturing method. The visual quick reference graph 
generated for common 0.4mm nozzles, or Equations 1-4, will allow these zones 
to be calculated and applied with clear understanding of how geometrically 
accurate CAD files will be translated through the STL conversion process 
and affect print quality and speed. Time savings in the order of 13-19% 
were found in the basic test pieces by removing 0.1mm of part thickness to 
fit within an optimized zone, while a time saving of 38% was recorded for 
a more complex mesostructure part by counter-intuitively adding 0.1mm 
of thickness to fit within an optimized zone. The second recommendation 
for design engineers is to use medium to high resolution STL conversion 
settings when exporting files from CAD software in order to maximize 
the range of part thicknesses that are optimized for FDM printing. This is 
particularly important for thin parts and geometries that are 2.5D in nature, 
with low resolutions causing greater discontinuity in wall and infill details, 
and a smaller range of optimized wall and infill dimensions. These specific 
guidelines for the FDM production of thin geometries will help designers 
implement optimization protocols during design development, just as they 
would for other manufacturing technologies, rather than relying on print 
technicians and manufacturers to modify process parameters outside of the 
designer’s control in order to optimize production. Designing for additive 
manufacture requires new knowledge and guidelines such as these to help 
expedite adoption of the technology within industry, and train designers to be 
fluent in the processes at work between digital design and final production.
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KEY TERMS AND DEFINITIONS
2.5D Printing: The use of 3D printing to produce a relatively simple 
geometric form which can be described in a single orthogonal drawing and 
extruded in a single axis.
3D Printing (Additive Manufacturing): A digital fabrication technology 
that allows the production of an object by adding material layer-by-layer in 
three dimensions.
Computer-Aided Design (CAD): The use of computer systems to assist in 
the creation, modification, analysis or optimization of a design in 2D or 3D.
Fused Deposition Modeling (FDM) or Fused Filament Fabrication 
(FFF): The most common form of extrusion-based 3D printing technology 
that works similar to a hot glue gun; plastic filament is fed through a heating 
element, where it softens and is extruded through a small nozzle, which can 
move in 3D space to deposit the plastic layer-by-layer as it builds up an object.
Infill: Within the perimeter wall thickness describing a part, infill is the 
material used to fill the interior space of a part, and can range from empty 
(0%) to solid (100%) and gradients in between where infill patterns are used 
to create solid and hollow zones within a part.
Slicing: The process of converting a three-dimensional STL file into 
layer-by-layer information that can be 3D printed.
STL File: Originally short for Stereolithography file and now often 
described as a Standard Triangulation Language file, this is the native 3D 
file type exported from CAD software and imported into a slicing program 
linked to a 3D printer. A STL file is a mesh made up of triangles describing 
the exterior surface of an object.
Wall Thickness: Within the context of slicing, this is the thickness of the 
perimeter of a part, directly proportional to the nozzle diameter e.g. a wall 
thickness of 0.8mm requires two passes with a 0.4mm nozzle, or a single 
pass with a 0.8mm nozzle. It may also be called the shell thickness.
